ABSTRACT Individual cardiac Ca2+ channels cycle slowly between a mode of gating in which the channel is available to open, and one in which the channel remains silent. The regulation of this multisecond cycling process by isoproterenol was investigated by single-channel recording and the development of a discrete-time Markov model that describes the slow switching among modes in terms of (de)phosphorylation reactions. The results provide evidence that isoproterenol increases Ca2+ channel activity by a reciprocal regulatory mechanism: not only is the phosphorylation rate of the channel increased, but also the dephosphorylation rate decreased. The discrete-time Markov formalism should prove useful as a general tool for understanding the mode switching demonstrated by a number of ionic channels.
INTRODUCTION
A hallmark of ,B-adrenergic stimulation of individual cardiac L-type Ca2" channels is an increase in the fraction of depolarizing voltage steps that can activate openings (active sweeps), and a decrease in steps without openings (blank sweeps). When depolarizing voltage steps are delivered at regular intervals of about a second, active sweeps cluster together (as do blank sweeps) in a strikingly nonrandom manner , consistent with the proposal that phosphate donation and withdrawal directly underlie sweep clustering . The main idea is that of a direct correspondence between a channel being phosphorylated by protein kinase A (PKA) and its availability to open upon depolarization (Kameyama et al., 1986a (Kameyama et al., , 1986b Ono and Fozzard, 1992) . The concept is bolstered by direct biochemical evidence that the main al subunit of the cardiac Ca21 channel is in fact phosphorylated in vivo by PKA (Yoshida et al., 1992) . Hence, quantitative analysis of sweep clustering offers the attractive possibility of determining the kinetics of phosphorylation of a single molecule in situ.
Problems with this simple proposal began to emerge with the work of Ochi and Kawashima (1990) . They certainly demonstrated that ,B-adrenergic stimulation reduced the mean lifetime of uninterrupted clusters, or runs of blank sweeps, which seems consistent with an enhanced phosphorylation rate by increased PKA activity. The difficulty arises with the observed increase in the average length of runs of active sweeps, which might implicate a decreased dephosphorylation rate according to the simple scheme above. The latter observation conflicts with the commonly accepted without explicit change in phosphatase activity. This discrepancy could arise in several ways:
1) The fundamental assumption of an intimate relation between channel availability and phosphorylation could be in error; the interrelation might be considerably more indirect (Ochi and Kawashima, 1990) .
2) There could be a problem with our casual interpretation of the length of runs of active sweeps. Since channel availability is only determined at discrete intervals when voltage steps are delivered, a string of consecutive active sweeps could in fact be punctuated by periods of channel unavailability falling between voltage steps. Hence, an increase in the mean length of active sweep runs need not be correlated in a simple way with decreased dephosphorylation rate. A more precise quantitative method is required to interpret the changes in sweep clustering.
3) Phosphorylation of any one of several sites could render the channel available to open. Then, a higher degree of phosphorylation might extend the length of clusters of active sweeps, because any one of several phosphates could keep the channel available to open. 4) Along with ,B-adrenergic stimulation, there could be a reduction of channel dephosphorylation rate, since recent biochemical evidence points to activation of an endogenous phosphatase inhibitor in isoproterenol-treated hearts (Ahmad et al., 1989; Neumann et al., 1991) .
To distinguish among these possibilities, we developed a general, discrete-time Markov model formalism for analyzing the clustering of active and blank sweeps. Analysis of single-channel data obtained in guinea pig ventricular myocytes exposed to isoproterenol and/or okadaic acid (a selective protein phosphatase inhibitor (Hescheler et al., 1988; Cohen et al., 1990) ) supports the latter hypothesis. This report thereby suggests that the dephosphorylation reaction plays an important role in f3-adrenergic regulation of cardiac L-type Ca21 channels. Preliminary accounts of this work have been communicated (Herzig and Neumann, 1992 ; Patil et al., 1993) .
MATERIALS AND METHODS Heart cell isolation
Guinea pig ventricular myocytes were enzymatically isolated as described by Mitra and Morad (1985) , with slight modifications (below). 
Electrophysiology
Cell-attached, single-channel recordings were performed as described (Yue et al., 1990b (Luenberger, 1979) Ochi and Kawashima, 1990) , and the depolarizing steps to +20 mV are short (150 ms) to limit the development of voltage-dependent inactivation (Yue et al., 1990a) . On the other hand, it is important to note that the 150-ms duration of our voltage steps is sufficiently long to allow any channel that is available to open the opportunity to show itself (first latencies are typically far shorter than 150 ms at +20 mV (Yue et al., 1990b) ). The use of Ba2+ as the charge carrier largely eliminates the presence of Ca2+-sensitive inactivation in these experiments (Yue et al., 1990a; Imredy and Yue, 1992 (Luenberger, 1979) . We will refer to this gating mode as "A2" (A for "active") and envisage that A2 contains the usual topology of closed (C) and open (0) The bottom row (Fig. 2) shows the corresponding blank sweep histograms for the control (C) and isoproterenoltreated (D) conditions. Both are consistent with the sum of two discrete exponential functions in the form (solid curves):
where 0 ' afast s 1, 0 ' Xb,fast ' 1, 0 ' Xb,slow ' 1, and Ab, fast (corresponding to the fast-decaying component) < Ab, slow. Isoproterenol decreases the average length of blank sweep runs (here from 5.9 to 2.4 sweeps), mainly by alterations of the slow component parameters. Based on discretetime Markov theory, the biexponential form implies the existence of two modes of gating in which the channel is unavailable to open (Luenberger, 1979) . We will refer to these two gating modes as Bi and B3 (B for "blank"), and presume that Bi and B3 each contain the routine topology of closed (C) and open (0) states (C=C= = * * CO), except that the transition from the rightmost closed state to the open state is very unlikely. Such a presumption seems required to accord with the lack of effect of isoproterenol upon cardiac Ca2" channel gating currents (Hadley and Lederer, 1991) .
How do the three modes of gating (A2, Bi, and B3) relate to phosphorylation? Since isoproterenol (or cAMPdependent phosphorylation (Yue et al., 1990b) ) increases the overall fraction of active sweeps (Table 1 ), A2 must be at least singly phosphorylated. Similarly, since the fraction of blank sweeps decreases with enhanced phosphorylation, at least one of the blank modes of gating must be dephosphorylated. We assign Bi to be dephosphorylated. Given these constraints, the chief possibilities for the arrangement of phosphorylations are enumerated (I through IV) in Fig. 3 A. To distinguish among the possibilities, we consider the fraction of active sweeps observed with very high stimulation of channel phosphorylation. The fraction of active sweeps under extremely intense stimulation never reaches 100%; in fact, the fraction seems to asymptote at a value considerably less (-50-60% in Table 1 , and in Yue et al. (1990b) ). This result seems inconsistent with all the possibilities except model I. If B3 had a lower degree of phosphorylation than A2 (models II and III), the fraction of active sweeps should approach 100% with extremely high levels of kinase activity. If B3 had a higher degree of phosphorylation than A2 (model IV), the fraction of active sweeps should decline toward lower levels with high stimulation of kinase activity. Accordingly, we concentrate on variations of model I, although a further test of our choice of model I will be performed below. Fig. 3 Biophysical Journal e-Adrenergic Effects on L-type Ca2+ Channels (Luenberger, 1979) . Once the 7Tij are specified, sweep histogram behavior is entirely specified as elaborated below. The discrete-time Markov model is completely described by a discrete-time master equation that incorporates all 1r7 (Luenberger, 1979) . In canonical form: (Luenberger, 1979) . Induction of Eq. 4 yields the general solution that describes the probability of a channel being in a specified mode on an arbitrary sweep k (P(k), where k is a positive integer 2 1), given that the probabilities of occupying a particular mode on sweep 1 is specified by the row probability vector P(1):
The predictions for active and blank sweep histograms take advantage of the submatrices we have defined in Eq. 4 and the theory of classes of communicating states (Luenberger, 1979) . The results are contiuous-time rate constants. For example, the explicit equation for model Ia (Fig. 3 B) is:
The solution to this first-order, linear differential matrix (6) equation is the matrix exponential function, which can be solved by Laplace transform techniques (Luenberger, 1979) : (7) where PA(1) specifies the probabilities of finding a channel in the various active modes on sweep 1, given that the channel was in a blank mode on sweep 0; and PB (1 ) (Hill, 1977) . With Eqs. 6-9 in hand, we can calculate active and blank sweeps histograms given a set of traditional rate constants (Fig. 3 B) 
where [Q] is comprised of various combinations of the
The meaning of this matrix function is grasped by considering the element located at the ith row and jth column (Luenberger, 1979) : [eQt] i is the probability of finding the channel in mode j at time t, given that the channel was in mode i at time zero (also written as P( j @ t i @ 0)). For example, [eQt] corresponding to the specific case in Eq. 11 is given by:
[eQt]
P(A2@tIA2@0) P(B1@tIA2@0) P(B3@tIA2@0) = P(A2@tlBl@O) P(B1@tlBl@0) P(B3@tlBl@0) P(A2@tIB3@0) P(B1@tIB3@0) P(B3@tIB3@0)
Thus, it can be seen that:
[eQt]t=0.6s = [1T]
We now have a generalized method for transforming a continuous-time Markov model (e.g., Fig. 3 B) into its equivalent discrete-time Markov model (Fig. 3 C) , in a form suitable for predicting active and blank sweep histograms. It is straightforward to derive the particular solutions for model Ia according to these general methods; they are given in the Appendix.
To estimate the rate constants that account for experimentally observed active and blank sweep histograms, a numerical routine compares model predictions for active and blank sweep histograms (from Eqs. 6-9 and 14) to actual data, and the differences between the two are minimized by varying the rate constants (k12, k21, k23, and k32) according to a gradient search algorithm (details in Appendix). The curves in Fig. 2 represent the predictions of model Ia after error minimization with respect to data from a single patch (independent estimates for the four rate constants were made for control and isoproterenol conditions). The summary of fits from five patches (Fig. 4) there are actually phosphorylation-dependent transitions between B3 and Al, but also against models IT-IV, which postulate different levels of phosphorylation on A2 and B3.
To test further for the regulation of channel dephosphorylation by isoproterenol, we asked whether the protein phosphatase inhibitor, okadaic acid, affected the putative dephosphorylation rate, k21, and its regulation. The compound was added to the cells in concentrations of 5.9 to 12.5 ,uM, and cell-attached recordings were obtained 70-220 min afterwards. Under these conditions, phosphatase types 1 and 2A should be largely inhibited; only phosphatase types 2B (Ca2+-calmodulin-dependent) and 2C should still be appreciably active (Hescheler et al., 1988) . Phosphatase type 1 is particular relevant to our consideration here, having been shown to down-regulate Ca21 channels (Hescheler et al., 1987; Zhao et al., 1993) . The control traces observed in single-channel patches were not much different from controls without such pretreatment (Fig. 5, left panel; and Table  1) , although okadaic acid increases single-channel activity when added acutely (Neumann et al., 1993) . The additional presence of isoproterenol, however, markedly altered the activity (Fig. 5 , right panel, and Table 1 ). The increase in the mean open probability within active sweeps, due to changes in fast gating, was preserved; and an enhancement of the fraction of active sweeps was still clearly visible. This was now due only to the fact that the mean length of blank sweep runs was shortened (Fig. 5, bars at left of the "-" signs; Table  1 ). The effect of isoproterenol on the mean length of active sweep runs was absent, implicating a role of protein phosphatases in this property (Table 1) .
Active and blank sweep histograms offer a more quantitative assessment of the effects of okadaic acid. Fig. 6 4 and Fig. 7  A) . Moreover, isoproterenol produces a striking increase in k12, despite the lack of appreciable change in k23, k32, and k21. A crucial confirmation of the Ia mechanism comes again with the lack of change of k23 and k32 with isoproterenol. In fact, k23 and k32 are unchanged with respect to any of the four conditions (control, isoproterenol, okadaic acid, okadaic acid + isoproterenol), as Fig. 7 B shows. We therefore interpret the increase of k12 with isoproterenol ( Fig. 7 A) to reflect stimulation of PKA activity in the presence of a constant background of phosphatase inhibition by okadaic acid. The lack of change of k21 with isoproterenol added ontop of okadaic acid provides additional support for the downregulation of dephosphorylation by isoproterenol under control conditions. Okadaic acid should have maximally inhibited many protein phosphatases (see above) before the addition of isoproterenol, thus ablating the ability of isoproterenol to decrease k21 further as a result of phosphatase inhibition.
DISCUSSION
The main finding in this report is that there is, indeed, an intimate relationship between phosphorylation and the avail- (pp. 193-194 in Ochi and Kawashima (1990) ). Thus, the apparent reduction in dephosphorylation rates could still have been an analytical artifact, one that actually reflects regulation of a complex model without altered phosphatase activity.
The difference between their conclusion and ours derives from two key points. First, the use of a quantitatively appropriate formalism to interpret sweep histograms makes it difficult to discount the apparent, isoproterenol-induced decrease in dephosphorylation rate as an analytical artifact. Second, the new experimental results with okadaic acid provide very strong support for the interpretation offered by our model. Inhibition of phosphatases by okadaic acid decreases the channel dephosphorylation rate, as gauged by our model fits to data. Preinhibition of phosphatases by okadaic acid prevents a further decrement of this apparent rate by isoproterenol, yet preserves the apparent increase in phosphorylation rate by the ,B-adrenergic stimulus. The concurrence of the anticipated biological effects of okadaic acid and those detected by our analysis, greatly strengthen our confidence in the model's interpretive power. Taken together, these two points provide strong evidence for the simple, and direct relation between channel phosphorylation and availability (model Ia).
The case is made even stronger by subsequent biochemical results that have been reported since the original Ochi and Kawashima (1990) study. Ahmad et al. (1989) demonstrated that isoproterenol increases the activity of inhibitor-i, an inhibitor of type 1 phosphatases. This finding is particularly relevant to Ca2" channels in heart, because a type 1 phosphatase has been shown to decrease the activity of cardiac Ca21 channels, presumably by channel dephosphorylation (Hescheler et al., 1987) . Inhibitor-i is only active when phosphorylated, and Neumann et al. (1991) have gone on to provide strong evidence that ,3-adrenergic stimulation enhances sequence of PKA activation. These results thereby provide a likely biochemical scenario by which type 1 phosphatase activity can be decreased by isoproterenol.
Proposed mechanisms of Ca2 channel regulation by f3-adrenergic stimulation Our model for Ca2" channel regulation is reminiscent of the original proposals by Sperelakis and Schneider (1976) , and by Reuter and Scholz (1977) (RSSS hypothesis in Tsien et al., 1986) . These early models contended that channel phosphorylation was required for opening, so that 13-adrenergic stimulation worked mainly by increasing the number of functional channels (Bean et al., 1984) . Since the original RSSS mechanisms have been subject to revision along several fronts, it is only natural to wonder whether our own model Ia requires refinement.
Phosphorylation-independent Ca2+ current
A number of reports have argued that Ca2+ channel phosphorylation is not required for opening, in contrast to our model Ia, in which phosphorylation is obligatory for opening. In studies at the whole-cell level (Kameyama et al., 1986a and 1986b; Shuba et al., 1990 ), a small amount of Ca21 current was present despite internal dialysis of heart cells with solutions believed to minimize channel phosphorylation. At the single-channel level, Ca2+ channels in bilayers can also open (with Bay K 8644 present), despite the absence of any kinases (Rosenberg et al., 1986) . As well, L-type Ca2+ channels in excised patches from cultured, embryonic cardiomyocytes do not seem to require phosphorylation to remain active (Mazzanti et al., 1991) . On the other hand, native Ca2+ channels in excised patches of adult cardiomyocytes require PKA phosphorylation to open (Ono and Fozzard, 1992) . In addition, we invariably observed a monoexponential form for the active sweep histograms obtained under all four conditions, arguing for the predominance of a single active mode. Since the probability of active sweeps is increased with ,B-adrenergic stimulation, the lone active mode must be phosphorylated. Hence, phosphorylation seems to be obligatory for opening. How do we resolve the apparent discrepancy? One likely possibility involves the exclusion from our analysis of a sparse pattern of opening known as mode Oa gating (Yue et al., 1990b) . For simplicity, we have filtered our records at 1 kHz so that sweeps manifesting mode Oa gating would be lumped together with blank sweeps. Since we have previously shown that the fraction of sweeps manifesting mode 0a activity decreases with ,B-adrenergic stimulation (Yue et al., 1990b) , it seems reasonable that mode 0a has been lumped together here with the dephosphorylated blank mode (i.e., Bi). Hence, small Ca2+ currents carried by mode 0a gating could be responsible for the residuum of dephosphorylation-resistant current measured at the wholeinhibitor-i phosphorylation in heart, presumably as the conHerzig et al. Rosenberg et al. (1986) in bilayers may reflect mode Oa activity, which no longer appears sparse because of the prolongation of openings by Bay K 8644. Another possible resolution to the discrepancy is that the dephosphorylationresistant current reflects incomplete inhibition of channel phosphorylation; this is extremely difficult to verify. Similarly, the continued opening of Ca2" channels in patches excised from embryonic heart cells may reflect slow diff-usion of kinase activity and MgATP from the patch (Mazzanti et al., 1991) . Hence, reports of phosphorylation-independent Ca" current provide no clear-cut evidence against the main features of model Ia, but this question deserves further study.
Direct G-protein effects on Ca-2 channels It has been argued that activated G-proteins (Gs, in particular) can directly interact with cardiac Ca2+ channels to produce a part of the stimulatory effect of /-adrenergic stimulation (Yatani et al., 1987 and Mattera et al., 1989) . On the other hand, serious challenges have been raised for the proposal (Hartzell et al., 1991) , so the mechanism remains rather controversial. Our work is separate from the controversy, because we studied isoproterenol-induced stimulation in on-cell patches. This geometry isolates the Ca21 channels in our patches from isoproterenol added to the bath solution. Hence, it is unlikely that any direct G-protein interactions figure in the observed channel stimulation, which should result solely from diffusible second messenger effects. Nevertheless, if the direct G-protein effects on Ca2+ channels turn out to be substantiated, it will be interesting to see how this modality of regulation interacts with phosphorylation-related mechanisms.
Alterations in rapid gating kinetics with f-adrenergic stimulation A serious challenge to the early RSSS models came with single-channel records showing that the rapid gating kinetics of active sweeps were changed with isoproterenol (Cachelin et al., 1983; Brum et al., 1984) . The RSSS model predicts that isoproterenol should make available more functional channels, but with the same rapid gating kinetics. Model Ia, in its simplest form, has the same deficiency because there is only one active gating mode, and thereby no explicit provision for altered rapid gating.3 The divergence of views can be resolved by the proposal that one phosphorylation site controls slow transitions between available and unavailable modes, and other sites regulate the fast kinetic changes that are expressed once the channel is available to open. So long as (de)phosphorylation for the site relating to channel availability transpires independently of the phosphorylation reactions governing rapid gating, the problem of resolving the 3The exclusion of mode Oa sweeps in our analysis would not account for the discrepancy; even when mode Oa sweeps are excluded from analysis, the changes in the rapid gating of the remaining active sweeps are still profound (Yue et al., 1990b) . kinetics of channel availability can be treated as an independent process in which all active sweeps can be lumped together, without regard for the phosphorylation level of the rapid-gating sites. In such a case, the quantitative rigor of our analysis is preserved. This proposal, in its general form, was originally made by Tsien et al. (1986) , but it now takes on additional support from the recent biochemical evidence for multiple phosphorylation sites on L-type Ca2" channels (Flockerzi et al., 1986; O'Callahan and Hosey, 1988; De Jongh et al., 1989) . In particular, backphosphorylation experiments demonstrate that the cardiac al subunit is phosphorylated by PKA in vivo near the carboxyl terminus (Yoshida et al., 1992) , while the cardiac P subunit preserves the PKA consensus phosphorylation site (Peres-Reyes et al., 1992) that has been shown to be phosphorylated in the skeletal muscle 1B subunit (De Jongh et al., 1989; Ruth et al., 1989) . Moreover, Ono and Fozzard (1993) have provided physiological data suggesting that different phosphorylation sites independently regulate different aspects of channel gating. Fig. 8 shows the proposal explicitly, with our original model Ia scheme now expanded into several "stacked" copies corresponding to the phosphorylation status of the other sites that govern rapid gating kinetics. Phosphorylations along the "availability" axis permit the channel to open. Translation along the other phosphorylation axis, labelled "rapid gating," corresponds to changes in the nature of rapid-gating kinetics. If (de)phosphorylations along the availability and rapidgating axes proceed as independent processes, then for the purpose of analyzing channel availability, it is possible to collapse the overall scheme along the rapid-gating axis into a single Ia model, as we have done. Interestingly, the regulation of rapid gating should transpire by way of discontinuous shifts according to the mechanism in Fig. 8 , just as our recent electrophysiological work confirms (Yue et al., 1990b Table 2 shows the results of the relevant tests. Active sweeps are categorized according to their position within an active run: single active sweeps were assigned to category 1, the first sweep of a longer run was put into category 2a, the last sweep into category 2b. Sweeps adjacent to at least one active sweep on each side were assigned to category 3, those with at least two neighbors on each side to category 4, and those with at least three or more neighbors to category 5. Rapid gating was then analyzed separately for the subensemble of sweeps within each of these categories, and normalized by behavior derived from the global ensemble. Three single-channel patches contained enough sweeps (>5, even within the higher categories 4 and 5) to allow for a meaningful comparison of the data acquired before and after addition of drugs uM) . The data shows no difference in the rapid gating of sweeps as a function of their position within an active sweep run, either during control or f-adrenergic-stimulated conditions. The pronounced alterations of rapid-gating parameters with isoproterenol (e.g., mean open probability) are manifested uniformly by sweeps within the different categories. The only obvious deviation from unity is found for the first latency, which appears longer for the first two categories 1 and 2a (but not 2b). This should be expected, because of the higher probability that the transition from an unavailable to available gating mode occurs just during the voltage step (150 ms). These results provide additional evidence that the (de)phosphorylation reactions relating to channel availability proceed independently from those governing rapid gating. We thereby argue that the quantitative accuracy of our model la analysis is preserved within the expanded framework of Fig. 8 .
Unresolved questions
An apparently unexpected effect of okadaic acid is an overall reduction in k12 (Fig. 7 B) , the presumed phosphorylation rate. On the one hand, this could be an unanticipated, nonspecific effect of okadaic acid on PKA activity, although we could not detect any such effect in vitro (not shown). A more likely explanation, however, involves the entirely anticipated interaction of okadaic acid with ,3-adrenergic receptor desensitization. Lefkowitz and colleagues (Hausdorff et al., 1990 ) have provided extensive evidence that phosphorylation of the f3-adrenergic receptor by PKA and f3-adrenergic receptor kinases (f-ARK) lead to receptor desensitization. Okadaic acid presumably inhibits the phosphatases responsible for antagonizing such phosphorylation-dependent desensitization, leading to an overall loss of activity of the ,3-adrenergic receptor, and a resultant decrease in PKA activation.
Another unusual finding is the existence of a second blank mode of gating, B2, which presumably persists in spite of phosphorylation. What is the origin of this mode? It could reflect the remnant of voltage-dependent inactivation that would persist, even at infinitely negative membrane potentials. We have tried to minimize the presence (Catterall, 1991) , as well as the in vivo phosphorylation of the cardiac a1 subunit (Yoshida et al., 1992) , have now been demonstrated. Hence, the tools are now at hand to test the above-mentioned postulates at the molecular level. Klockner et al. (1992) have suggested that the (3 subunit appears to be necessary to confer a large degree of cAMPdependent regulation to the overall Ca21 channel complex.
Possibly, the effect transpires by way of PKA phosphorylation of the ( subunit itself, as the biochemical evidence suggests (De Jongh et al., 1989; Ruth et al., 1989; PeresReyez et al., 1992) . On the other hand, phosphorylation of the main al subunit seems to play at least some role in cAMP-dependent channel regulation (Flockerzi et al., 1986; Yoshida et al., 1992) . It is only natural to wonder whether two phosphorylation sites correspond to our proposed "availability" and "rapid-gating" sites. Site-directed mutagenesis can be used to selectively neutralize either or both sites. If the predictions of our mechanism are correct, it should be possible to express channels whose stimulation by PKA manifests as an exclusive change in rapid gating, or as an exclusive change in channel availability. A positive result along these lines would provide a striking extension of the case for modularity in the structurefunction relations of ion channel proteins. where aij, bij, and cij are defined in Eq. A7. This can easily be evaluated for t = 0.6 s, yielding [ii] .
The probability density form of active and blank sweep histograms (pa<rive(k) and pblj,,k(k), respectively) were compared with the probability density predictions (from Eqs. Al and A2) of the model (defined here as Pactive, model(k), Pblank, model(k)). Cumulative distributions (e.g., Fig. 2 The gradient of E was numerically calculated with respect to k12, k21, k23, k32, and parameters were slowly changed from initial guesses according to a steepest decent algorithm, with some initial annealing. More than 1000 iterations were used for each fit, by which time the gradient of E was essentially zero (i.e., a minimum error had been found). The numerical routines and data display were implemented on a 80386-based computer with a 80387 numerical coprocessor, using programs written with AXOBASIC 1.1 software (Axon Instruments, Foster City, CA).
